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Abstract: For a class of T-S fuzzy systems with disturbances in the inputs and outputs, the generalized steady and
dynamic performance indices of nonlinear systems are defined in the linear matrix inequality region, and the sufficient
conditions for the existence of a reliable output feedback controllers are derived in terms of the LMIs, so that the closed-
loop systems can maintain steady and dynamic performances even when the sensors or the actuators are failed, and the
mixed L-two/L-infinity robust performance can always be held. Under the proposed sufficient conditions, an extra matrix
is introduced by the projection lemma, and the variables between the Lyapunov function and the controllers are decoupled
for increasing the degrees of the freedom in the design process. The simulation of the longitude control for the F-16 fighter
indicates the effectiveness of the proposed method.
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1 5|5 (Introduction)

AR Db RGPl I R R s SRR 2 1 =
— 07 R BRI E B R b, L RAENRRS
K B2 RETT LA 5 BT 2K 11328 B AL SR i,
EXTTAELR M R AR, % W] 2 SURITZ R AR A 3))
AVERE, HEres KOOGS gD,

4G, BT T-SEORMI B () JE e Mk R G4 il 2 Y
A A AR A O~ SCHROL200F 58 T R G AE 1B 5 1%
JE R eyl HZ2 MRE R0, Hb T RI0RE
— AT H 5 52 4, DRI, A7 it S vt il i it
GURE H A N HANE. SCHR[3.410 AFIE T R G AL
JES BT 2% R B rT S ), (AR T
RGPS T LyVe 2 H L B R, 288 T 3))

eke H 1: 2008—09—16; Wt& tiefie H #: 2009—07—30.

AVERE, M H BT T L e U BB i 7 VA
BRI RE A A, S HEIEH TN AR
TRESERr. HR, A2 B FLMUS VLl vk —
P HB L SR AH O Lyapunov BR £ 48 5 5 AT R IE € B
2, A SRR A PR T 42 1) b 1 S s L 1.
AR EA B T-SER RS, &5kl
It Lyapunov bR 28 i T AR LMt RGOIRS BN
i P RAE ) Bh A RE, 5IAIE TR B Lo/Lo 152k
&P REFR br, $8 1 T 28 TLMIP) & Fs v] 58 4
SR A BB v T v, R A B ST E I — R
TE P BRI, 35 57428 thil 7 A% & 24K i Lyapunov bR
FONPR IE € B I 2K, S8t B L, PREEEAS R
GEAEIE WY LA B A% By BT 4 A A2 W R I A7) 2R 1

AT H: B K B RREIE S Y B ITH (60674092); T 25 R4 3L 4 P B0 H (05SE52031); VLR KA 01HT IR TR B0 H .
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2 — E AR B A& LBk Reair. I)a, 18 M; = diag{mu, mg, -+ ,mg},
ffﬁﬁi%ﬁﬂ%ﬂlﬁﬁfimﬁxﬂ M, = diag{ms;, maz, -+, my},

A O(h)FR /TZ hi(2(1))0: 4™, @ 0 < my; < mg; < gy, 0 < my < my < g,
7kKroneckerf}! XT7|‘/J\I35:EF' 7 RN N R e j=1,2,--- ,pl=1,2--- 1
R

2 [0 4R (Problem statement)
H RS — R T-SHU R 4t
Rulei : TF2(t) isF/AND - - - 2,(t) isF)' THEN
x(t) = A;x(t) + Biu(t) + E;w(t),

Ao g IBEIRINEL, 2(¢) = [21(t) -+ z,(0)]T €

RY g BRI HfE BE B 1F, FOOBIOBI S 5. () € R,
y(t) € RO B A A 18 wu(t) € RV
TR TG IE R AT A S R e 4
BB 0PSB, W) € {uo(t), ue(t), us(t)};
w(t), v(t) € R4 BIFER RGE ik N 4 )
Ay, By, CiRIE, RYE 3T M0 524, Horh B, 5k
S C AT,

70K FAH VR § 2 S TE R, 4 RGE(DIE R
I, BEVEIEAT 5341 KM E2(PDC)H Hh S W 1l 55, 375 B
IR R

us(t) = 3 hi(2() Kiyh) =
52 S DK a0+ KO @)
Horh KGR 32 1 R s 18 Eﬁ%ﬁﬁj‘:.ﬁﬁ
a(z(1)) = wi(=(1)/ 3 i(=(0)
(2(0) = I (1)

TR (25 (1)) 6 2, () I8 F-HOMI 4 25 0 e
i, (2()) 73 0 UM TR (4R

Gi(2() 20, L wn(z(t) > 0.0 = 1,2, g,
H Hhi(2(t) =0, Zh( t)=1i=1,2--,q.
u&ﬁ%&%ﬁ%mﬁ@mﬂﬁ
ug(t) = izzlhi(z(t))MfKiy(t)v
wi(t) = 3 hi(=() KMy ).

FCrAr MMM 53 530 A AR AT 25 FAR s b . 5 X
%J

3)

AR, Bme; = 0(Bimy = 0)IN, FIRHAT i (i Ik
SR (DA WIE 8 4 R Hmye; = 1(Bimg =
DI, IR AT A% (A% B ) 1R 28 5 (BRD) 4% T 3 1E 5
IVF, i—'lmfj < me; < mfj(gimsl < My < bl)HT
PR PAT A (AT A% ) 0 285 5 () 4% T 3E 4 70 R AL
FINTF B B o) e b R AT bR AL A BRIO). 4

My = diag{mo1, M2, -, Miop},
Jp = diag{je, Je2s -0, Jepts

L; = diag{ler, oy -, Uiy},

| Le| = diag{[la|, llea|s -+ 5 llep]},
My = diag{mso1, Mso2, *** , Msor}s
Jo = diag{ja, je, -+, Jer b

L, = diag{ls1, lea, -+, lso},

|Ls| = diag{|la, [ls2|, -+, [lsr|}s

b
K

my; = (Mgj +my;) /2,
Jej = (me; — my;) /(M + my;),
loj = (

meg; — mej)/meja

Mso; = (Msj + msj)/27
Jsj = (s — msj)/(msj +msj)7
lsj = (msj - mst)/msoj‘,

| - |FR7 X0 A H R 25 0 SR I {E 1as 5, )

M = My(I + L¢), | Le| < Jr < 1, )
Ms = Ms(](I+LS)7 |Ls| < Js < 1.
Bu(t) € {uo(t), ue(t), us(t) MEAR ) 5 T
@(t) = {A(h) + B(h)K(h)C(h)}x(t) +
[B(h)K (h)C(h) E(h)]d(t). (5)
Horr:
d(t) = [v"(t) wh ()],
K; € {K;, M;K;, K;M,}.
EX 1T FESV N, 57750 FR B LA

M, 13D = {s€C: fpiy=L+sM+5MT <0},

Fioge) AR BREL, TUBRD g 2 VA e AR 55X X B,
EX 2 XNT REENRSEEG), 4dt) =

O}, Z2,(t) = HP2 (t)[17, He v Py oAy 6 B OE 58 B,
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A2 (E) < —yz1(t), a > 0, WRG R D LIWSL @M FELAM, P Kroneckerfliz ., nJ {3
Foy FIARAA, o] - || TR IR TR . 1V (z(t)

EX3 xﬁ%zﬁs) 2d(t) = O, A2y(t) = . 2V(@®) | 0.
IPRa(e)l. 3t P A 6 IE 2 B2 i A ;%83 _
gj o(t)dt <5 H o e R B AT I ), CRIBHI N o
B WCH RSN A AR M) —FESchur T BE T 13

EX 4 XTI RLS), £ -+ (q +;KE 83)2 <0. (12)

2(t)[loe < pll2(0)[|+plld(t) ][0, ¥ d(t) € Lo, (6)
W FR 1% % 4G5 B AW Lo /Lo Y0 55010 6 45 1 B, 1L
et £ sup [|z(t)]]. £ € [0, 00).

SIER 10 3 X o 75 (—
A H DX, 5 AAER BRI SE K PAEFS
L®P+ M® (PA(h)+ PB(h)K(R)C(h)) +
MT ® (PA(h) + PB(h)K (R)C(h))T <0, (7)

MRR 22 48 (S)AEA ML R Z2 T A

I 2OV Eeg o ) T RREEH, 24 HAY Y
NEHNp < 0, NNHNq < O, fE7EfiREX, 113
H+PTXTQ +QTXP < 0, HFPHMQRESAEM
& LR, Np MING 7l & H#%  [lker PHlker Q

q,0), 1z

(AT o — 41 36 1) 5= A O &) ) 2 1 AL R 1) B
tiker PAHiker QA3 —AN & &2 [al, W) w] 20 AH
I R B AN S A A

3 P68 Hr(Analysis of the performance)
FE1 AP0 HK(—q,0), R ArIXEDNA,
q > v, #AFAEX R OE @ BEPAAE BEK (h) 44
(DAL, W RGEG)IEAME A FIN BT A E, Hy €
(2¢ — 2r,2q+2r),( = V¢ —r?/q.
UE % XLyapunoveg #V (z(t)) = =" (t)Px(t),
H P >0, MfEw(t) =0, v(t) = OB, f7
V(z(t)) =" (t){P[A(h) + B(h)K (h)C(h)] +
[A(h) + B(h)K (h)C(R)]" Py(t). (8)

FEA 5 1 B AT %0
Tz "(t)|[L®P+ Mo (P(A(h) +
+

B(h)K(h)C(h))) + M" @ (P(A(h)
B(h)K(h)C(h))*lI @ ™ (t)] < 0. )
JURESEES =y ();é()ﬂj‘ H
1V ((t) v 1V (x(t))
L®1+M® Vi (t))+M ®2V(m(t)) < 0. (10)
EHL H (—q, 0), 4 r FILMIX D W, 25 31%

MR 4k 2 2R 512, (8) < —vy21(8), Hy € (2¢ —
2r, 2q + 2r). B Mq > rivf, REUREEE.
SiAh, T RIS T
—rP  qP + (A(h) + B(h)K (h)C(h))TP
* —rP
(13)
28 Schur 2 4 Ji5 v 15
(¢* = )P + g{P(A(h) + B(h) K (h)C(h)) +
(A(h) + B(h)K(h)C(h))" P} + (A(h) +
B(h)K(h)C(h))" P(A(h) +
B(h)K(h)C(h)) < 0. (14)
1R (14) AT W53l e Lhae™ () Fllae (¢) 5 w401
qV (z(t)) < =& () Pa(t)—(¢*—r*)V (z(t)). (15)
01
V(x(t)) < —2(\/ET(t) Pz

Hrp¢ =Vg® - T2/q iy
L dV(x —2C\/&T(t)Px(t)dt. (17)

V(a(t))
X B I T/ V (2(t)) > 0, Pk

Cﬂfin%@a< V(x(0). (8

ﬁﬁ%iﬁ%Mﬁ@@dgMWﬂW:
WAERGRGEN, ¢ = @ —%/q.  iEE.

FET R IS IE P HI AR QS RFEG) R E, [
i 2 1 2. (6) 3 5B M A b

FIE 2 ﬂ?éE%E%ﬁMW3W%ﬁfﬂ
B IE 52 W PANAE 25 S 40 B MR BN, (6 = 1,2,
q), AL T AR i

A, B)N,C, PE,

A/_\

(O)VV((t). (16)

<0,
* * —pB1
i7j7l:1a2a"'7Q' (19)
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07 %

B:M = PB;, WHFfE#HIg K, = M~IN;, fiff R
GR(S) R, [l il A2 Mk BEFE AR (6).
UE € XLyapunovig £V (x(t)) =
[F] I 2% i aw (¢), v (¢) I EEIR, 1] 15
V(x(t) =
T () Nz(t) — az™ (t)Px(t) + Bd" (t)d(t),

' (t)Px(t),

Ay PB(h)K(h)C(h) PE(h)
=1 % —BI 0 , (20
* * -0
H.
(1) = [ (t) d(1)]",
A, = (A(h) + B(h)K (h)C(R))*P + P(A(h) +

B(h)K (h)C(h)) + aP,
W40 < OFFGLIN, A
V(@(t)) < —az" (t)P2(t) + fd" (Hd(t). D)
HRAE SCHR[ 11745
IP22(t)]* <
e | PEa(0)|[*+5 [ e ld(t ) Pdr. 22)
IR 2R(21)(22) BT o F 5 5 B T4 5
sup {Amm( ()]} <

te[0,00)

sup { sup [e™*'||PZa(0)]” +
te[0,00) TE[0,t)

%t~ 20— ey 3
ESJiE
J2(0)]1 < Aok (PP P)2(O)] +

Amin(P)1B|d(t)]] - (24)

S N (P) B i () 53 0 % B B PG S5 K L
INEFAEAR. )

H1 = \/)\mln mdx

P1 = Am}n(P)ail/B'
FH 1 B A2 F T AR S A, W) 06 A7 A 7 e B A
BB,M = PB v 4K, = M7'N;, fCA
X20)J5 B £3:4(19). EEE.
XT38 B2 P R i, ICAEAE T A s HE

EIE 3 0T IR B ol B, R AR AR
MRIEERFX = P~ ARAr A BEMAFE RN, (0 =

1,2,---,q), A3 LU N AZER AL
Ay B;N;C, EX
;=1 = —BI 0 <0,
* ok 061
,7,l=1,2,--- | q. (25)
Hrp

ClX == MC[,
VU7 0 i R B AR K = N MM R R
G(S)he €, [7) I AL VR 5 Lo /Lo Y0 K08 F 1 fig 4
i(6), Herp:

M2 = \/)\mm max

p2 \//\mm max P2 ﬁ
4 B ] S H 25 W T (Design of robust re-

liable controller)

AL R R A U I, AR AR LR S5k

EE 4 A THENIER BB, WRAEEX
FRIE & BEPAIE AT S A0 BEM, FEFEN, (5 = 1,2, -
Q) FNES B e (i = 1,2 3)@5@3((26%(31)5524

—rP +e3CYC; ¢GT + ATGY + CINYBY BN
O = * —r(GT+G - P) 0 <0,i=1,2,--,q, (26)
* * —e3Jt
—37”P+€3(QCZTCZ‘+C;IC]‘) Sio §13
Or= * —3r(GT+G-P) 0 <0,4,§=1,2,---,q,j#i, (27)
* —3€3J;1
—6rP + 2e3(CC; + CTC; + CFCy) Stz Si3
O3 = * —6r(GT +G - P) 0 <0,
* * —6e3J;!
i=1,---,q—2,j=i+1,---,q—1,l=54+1,---,q, (28)
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M bt 1 SCPEREFRAR T T-SHURA 28 45 1 &0 v] S 701 593
—GT-G Q12 B;N;C;  GTE; B;N;  B;N; |
* —27P+e,CFC; 0 0 0 0
—BI+e,CFC; 0 0 0
n-| * * pl+eli G <0,i=1,2,--,q, (29)
* * * 31 0 0
* * * * _Ele_l 0
| * * * * —e9J; !
—3GT -3G Q12 Qi3 Qu Q15 Qs |
* Q2 0 0 0 0
* * Qgg 0 0 0 .. . .
Iy= <0aa :1727"'7 5 s 30
2 * * * =301 0 0 " ©i 74 0
* * * * —351JS_1 0
i * * * * * —3€2JS_1_
[—6GT—6G Q12 Qi3 Qu Q15 Qs |
* Qe O 0 0 0
) 0 0 0
- * * Q33 <0,
* * x  —601 0 0
* * * *  —bepJ1 0
i * * * * * —662JS’1_

Hrp:

Si2 =3¢G" + 247G + AGT + C N B +
CIN/BF + CIN/'BJ,

Si3 = B;N; + B;N; + B;N;,

S12=6qGT+2(AT + AT+ ANGT +C' NI Bl +
CINIBY + ¢ NIBY + ¢ NIBI +
CIN'Bl' +CI N B,

S13=B;N;+B;N+ B;N;+ B; N+ BN, + B/ N;;

Q12 = GTA; + B;N;C; + Py1 + (0.50 + 7)G7,

Q12 = 2GTA; + G A + B;N;C; + B;N;C; +
B;N;C;i + 3P + 3(0.5a + 7)G™,

Q13 = BiN;C; + B;N,;C; + B;N;C;,

Qu =2G"E; + GTEj,

Q15 = Q16 = B;N; + B;N; + B;N;,

Q22 = —67P +,(2C C; + CTCy),

Qa3 = —381 + £2(2CF Ci + CT Cy);

Q1o = 2GT(A; + Aj + A) + BiN;C, +
B;N,Cj+B;jN,Ci+B;jN;C)+B;N;C;+
BN;C; + 6P + (3a + 67)G",

Q13 =B;N;C)+B;N,C;+B;jN,C;+B;N;Cy +
B/N;C; + B\N;C;,
Q11 =2GY(E; + E; + E)),
Q15 = Q16 = B;N; + B;N, + B;N, + B;N; +
BiN; + B|Nj,
Q22 = —67P +2,(CFC; + CTC; + CF Oy,
Qa3 = =381 + 2e5(CTCi + CTC; + CF Cy);
GB; = B;M,q > r,
TR H WAE o K (—q,0), AR rE)
21k BE AN X DWW, fF R Bl # K, =
M~UN; Mg i 15 2 B0(5)7E 1 158 % 2 46 1 v
W AR IR R RS e, HAr s fr ik fErhy €
(2 — 2r,2q + 2r), ¢ = \/q® — 12/q, IRl 3L T IR
Hr Lo/ Loo TUEL I &M BE PR 2 2L
H1 = \/)‘r;iln(P))‘maX(P)»
pr =\ A (P)a1p.
UE - e E T A] A
—r°P +r((A(h) + B(h)K (h)C(h)) 4 qI)" x
P((A(R) + B(R)K(R)C(h) +qI) <0 (32)




594 oW s N H

07 %

BT, Bl

I (A(h)+Bh)K(h)C(h)  +ql] _gP T(I)D «

rl <0

(A(h) + B(h)K(h)C(h)) +ql '

TERZ A N
[((A(h) + B(h)K(R)C(h)) +ql) —rI] x
rl

(A1) + BOYKWCm) +qr| ~ "

IR 5| )

—-rP 0

| 0 P

3 GI(A(h) + B(h)K(h)C(h)) +qI —rl]+

[(A(h) + BUK(RCH)T +al G0 1] < 0.
—rl an

K E(34), H AL I R A S R Ik g s I g 4%
&K (h) = K(h)Ms = K(h)Mg(I + L)
X34, HTGB; = BBMHAK; = M~IN; M, W)
AR R A e, ) A B E sl D LMIA £, ]
153 50(26)~(28) LT
PRk, MR i F2r 1 305 R 5] B R
a0, o) - ®(h) = 0, Horp:
0(h) =
[—1 (A(h) +0.5a 4+ 7I) B(h)K(h)C(h) E(h)],
®(h) =
A(h) +0.5a + 71 B(R)K(R)C(h) E(h)
I

)

[1]

1(h) PB(h)K(h)C(h) PE(h)
* —061 0
* * 01

< 0.

(35)

Hrp

(1]

1(h) = (A(h) + B(h)K(R)C(h))" P +
P(A(h) + B(h)K(h)C(h)) + P,

PRt
0o P 0 0
P —2rP 0 0
0 0 —B8I 0
0 0 0 —pI
6T (h)GT[I 0 0 0] <O0. (36)

#1 X(36), IF 2K ALT (26)~28)I1 Uk W, 7] 13
K(29)~(B1) AT UEEE.

FRAT A Wt ] ) P S T s B AN TR

NS BRAT A, UF B G R v R B A R ) 4
PR TR P A A 3 o R A S T ¥ R AL T
HRBLT SRR AL B, v GB; = B M™%
M EREARR(B;M — GB;)Y(B;M — GB;) <
S1H;, Horpo 78 o /NI IE H B, Hoh i R HY H;
< TEESRIIE 8 I, et il e MR BE AN S 5

S H; o« [ I H]
>0, >0. (37)

B,M —GB; I H I
F X BDE A e Barh 1 20(26)~B gl 7T — FF 3k
HGE M, JRCSEAH 58 BRI AT i L

R 58 BRAT IR B M ME BEFR A 2 5 A2,
T

+

S O O M~
Q
e
—~
>
~
+

1= \ Ak (P) A (P),
—1

P1 = \/ )\min(P)a_lﬁv

pi > 1,1 =\ A (P)a™18 < pi.
L s M px 32 Sk A B 45 bR, AR B R 2 5T T A
a™ 18I < (p1)?Amin(P)I < (p})?PAT, %4Schur
Ee IR E]
[—(p@?P .

1 —a~1pI
#:0(38)45 & € Harh 1 20(26)~(31), i AL
HBE, W R B PERe.

5 fiE 458 (Simulation results)

% LEF-165 T LA 18, JE T Wik« hlis
BB, KB BN B T R, 1 I i £ 4T
s %, 434 T bk s 3l g 2

)

] < 0. (38)
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0 (t) [0 0 1 0: (1) LA TP ) 1 fh . SE R R R 4 0 43 i R R &
()| =10 Zu(t) 1 os(t) | + G AL Z LR R T L RN 1 . A7 B &
g (t) |0 M,(t) Mq(t) ] | a(t) RATLUE M, % B SRR G Ly /Lo B H

[0 PERESEFR bR I 42 7 ZAE R, F-165F i LA )
Zs.(t) | be(t). (39) A 1 (4R 3 il /> HAs AT PR, SERF S RAT I 5K
| M, (t) [N

e 0¢(¢) AR AW £ (pitch angle), g¢(¢) 4 17F A0 £
T4 JZ (pitching angular velocity), oy (t) 410! ffi(angle
of attack), dc(t) 4 T F# fiE(elevator), H1 /2 47 T [
REBer(t), der (8)) A B, 71 12 A B v O T B)) 3¢ &
M1 Za(t), Ma(t), Mq(t), Zs.(t), Ms, (t)2 22 REL.
T, AREACD # R I8 RE T E B ARSI A A

B RHLAE150004 ] RAT, HCLh i £k 15
AR i, o B A5 40,4 000.8 K1) 40 15 21 5 RAT Ak
() Jry e A an (D) i, BRS8N R

0 0 1 [0.2]
A1 =10 —05172 1 ,Er=(04],
|0 —0.5210 —0.6785 | 0.5 ]
(0 0 1 1 (0.3
Ay =10 —1.2481 1 . Fy=103],
[0 —2.0690 —1.2349 | 0.4]
0 0 100
Bi=|-0.0441 —0.0451 | ,C1=Cy= 00 1],
—92.3905 —2.4002
0 0
By = | —0.0882 —0.0872 ],
~12.0785 —12.0885

Wit g = 2, r = 1, WKSERy € (2,6), &k
HAWEC = 0.866. 7% B A AR, B4y H
55 IR SE2AN W IE R R T0%, HR A s B4R 19 25
FERE K M1 Ko, Lo /Loo &I REFR AR p1 = 0.926 <
p* = 0.95, uy = 1.334, Hodp* 4 31514,

[2.1061 1.5012] [2.4570 1.7765]
sl — y IAg2 — .

2.1061 1.5012 2.4570 1.7765

¥ ow AR B2 LWL S5 T A, (PP AR BEG AR
TR FRIE M, B TGS K6 =
1, 2) AR TR B IE 58 B P s il 1t 225K, BRIk
R4S 5 FRATE 545 S ) 42 1 245 AR B0 B PRV T
A3 UAYT R, M B A SR AR 45 18 (0 R S DY 1)
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Fig. 1 Responses of the closed-loop system when

the sensor failures occur

6 4518 (Conclusion)
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